Abstract-This paper deals with code acquisition in com-complexity of the FFT without sacrificing too much performunication systems with large frequency offsets. In such a mance. The idea is that we do not really need to obtain a situation, the receiver has to perform a 2-dimensional search very good precision in our calculation. We only need to in a time-frequency plane to detect a known signal. In pre-vepry oodmprecisiontin our 
transform (FFT) to implement the search in frequency direc-ual FFT-elements. Therefore, we give an example for a tion [1] , [2] , [3] .
very simple FFT-structure, which can be evaluated with a We would here like to examine the effect of using approximate reduced number of multiplications or even without multiFFTs. For this puropose, we restrict the angles of the complex plications. This is accomplished by restricting the number multiplications that are used in the FFT to four or eight states.
This helps to reduce the total number of real multiplications. of possble angles that are used In the multiplicatlons in Further, there is no need to store trigonometric values. The the FFT-operation to 4 or 8. In the case of 4 angles all drawback is that the approximations lead to a degradation at the complex multiplications can be evaluated by additions, the FFT EseJ(2/AfkT±@) +-n(k), 0 < k <L-1. (1) leads to a performance degradation and is not suitable for high frequency offsets (e.g. about 10 % of the signal band-Here Es is the energy of each transmit symbol, Af is width).
the frequency offset, k is the discrete time-index, b is the A fully differential scheme offers a large acquisition range phase-offset, n(k) is a noise-sample, and L is the length of and a very low complexity [7] , [8] , but its performance at the received sequence.
low signal-to-noise ratios is significantly worse than a 2D-Af and 1 are deterministic, unknown constants and the search in time and frequency. noise-samples are zero mean, complex, white Gaussian In [9] Reed suggested a two stage procedure, which imple-random variables with variance or2 in real and imaginary mented a filter-bank without any multiplications. Another part. possibility to perform the 2D search is by means of a fast Note, that we have assumed perfect timing, since the focus Fourier transform (FFT) [1], [2] . Especially, when a large is on acquisition with frequency offsets. frequency range has to be covered, it seems to be a good The same model is often used in frequency offset estimaapproach, because it can easily be adjusted to the acquisi-tion schemes. This shows, that principally any frequency tion range (see [3] ) and the complexity is smaller than in a offset estimator could be used at this point. However, an parallel filter bank.
FFT-based estimator is expected to have the best low-SNR In different fields there has been research about ways to re-performance (which is important for acquisition). Another duce the computational complexity of FFTs, by reducing advantage is, that the FFT directly computes the values memory references or simplifying the multiplication oper-of the correlation at different frequency offsets. The abations [10] , [11] , [12] .
solute correlation values are generally used in acquisition The aim of this work is to look at further ways to reduce the schemes to decide, whether a preamble is present or not - cording to: 
r(k)
The remaining task is to evaluate equation (2) for a set of M-1 frequencies in the search space. As mentioned before, we rc(l) 5 r(k + IM).
(11) do this by means of an FFT, which is described next.
k=O
Here M is the length of the PMF and specifies the factor B. The Fast Fourier Transform (FFT) by which the original sequence length is reduced. This also The FFT has been described in many books and papers. implies that the length of the subsequent FFT is reduced We therefore do not want to give a detailed description of (which actually accounts for the complexity reduction).
the algorithm. Instead we would like to depict the basic The drawback of using greater values of M is that we obidea and explain how we have modified the FFT to reduce serve a performance degradation for higher frequency offits complexity.
sets -even when they are within the search range. The reason for this degradation is, that in the summation in equation (11) we assume that no frequency offset iS present. In W =ej2T/L.
(7) reality we always have a degradation compared to the frequency corrected combining, which is given by:
Then the n-th element of the Fourier transform of y(k) can 2 be written as: As we see in equation (10) Obviously, we are using an approximation which leads This is repeated until we obtain sequences of length 4, for to a signal degradation. This degradation does not occur which the FFTs can be evaluated without degradation if for the even elements in a particular decimation step. To we use the angles specified above.
visualize this degradation for an FFT of length 64, we can Considering this simple structure, we can directly evaluate have a look at figure 1. It shows the degradation for all evalthe result in equation (10) without multiplications (i.e. we uated frequencies (i.e. the degradation in signal amplitude can directly substitute the subtraction by the corresponding if that particular complex sinusoidal was received) and for addition/subtraction as needed). Thus, the whole FFT can both approximations. Without degradation we would obbe approximated by this fully multiplication-less structure. tain amplitude-values of 64 and we can observe that as expected, the degradation for the approximation with 8 angles 2) Using 8 angles:
is smaller than for the approximation with 4 angles. Further Multiplications with complex numbers with angles that there are also 4 (or 8) frequencies where no degradation ocare multiples of 7/4 can also be computed in a simple curs. This corresponds to complex sinusoidals which can way. While a normal complex multiplication requires be fully expressed with 4 (or 8) angles. 4 real multiplications and 2 real additions, we could Figure 2 shows the maximum degradation that occurs for reduce this to 2 real multiplications (for scaling) and 2 different lengths of the FFT. We can see that with increasreal additions. Scaling is important, if we want to use ing length the degradation increases. This is expected, bethe absolute FFT-values directly to decide whether a cause a longer FFT means we have more decimation steps preamble is present or not. Otherwise we would obtain and thus more multiplications with FFT coefficients Wk. different probabilities of false alarm at different frequency Note, that we have plotted the result up to length L =8192, offsets. If we just need a rough frequency offset estimate although in acquisition schemes lengths of L =64 would (which is the case in two-stage acquisition schemes), we be more realistic. In this region of practical interest, using could even omit the scaling and then only 2 real addi-8 angles leads to a degradation of less then 0.5dB, while tions are necessary. In any case the structure would now be: using 4 angles leads to 1.5dB degradation.
It should also be noted that, while simple, the proposed due to approximate FFTs is shown. Note, that in the figure F Complexity Reduction we have always chosen the worst case when using the approximate FFTs (obviously in the best case we would not There are a lot of different ways to implement the FFT have any degradation at all). For an FFT-length of 128, and to reduce its complexity compared to the simple radix-we can observe half a dB degradation for the approximate 2 approach described in section II-B. One area of optimiza-FFT with 8 angles and more than 2dB degradation for the tion is the storage or generation of FFT coefficients [10] . approximate FFT with 4 angles. When the FFT length is Besides, higher radix and split radix approaches can reduce reduced to 32, the degradation in the latter case is roughly the number of operations somewhat but lead to more com-1.5dB. This corresponds to what we observed in the previplicated structures (especially for higher radices, which is ous sections. Note, that degradations observed in figure 2 a reason why they are sometimes not used). Further, there cannot be translated into the same loss for probability of deare ways to simplify the complex multiplications so that tection. When we observe the probability of detection at a only 3 real multiplications instead of 4 real multiplications higher SNR-value (so that the degradation is compensated) are required [11] . the corresponding threshold and noise level are different. The complexity reduction for each of these optimization The loss appears to be very much acceptable for the case approaches depends on the length of the FFT and the hard-of an 8-angles FFT and somewhat higher than one would ware that is used. It is not the goal of this work to optimize like for the 4-angles FFT. The reason is that in the acquisithe FFT for a certain architecture or FFT-length. We just tion scheme that we discussed so far, the decision variables note that when the total number of operations is considered to decide whether a preamble is present or not, is formed the approximate FFTs are significantly less complex than from the maximum FFT-element directly. The situation is any of the previously discussed approaches, while main-different in a two-stage scheme, where the FFT is just used tamning a very simple structure. When we use the 4-angles to obtain a rough frequency offset estimate. approximation no multiplications are required at all and The motivation for a two-stage scheme is that when we use when we use 8 angles only 1/8-th of the original multipli-PMFs, the detection performance degrades for higher frecations are required (which is for scaling purposes -if no quency offsets. This is clear, since the PMFs are only optiscaling is performed we would have an even lower com-mum for zero-offset. Nevertheless, they are very important plexity in this case). This compares to a complexity reduc-in order to reduce the overall system complexity. Figure 3 tion of 20-30 % for the previously mentioned approaches shows this degradation for a frequency offset: fT =27/256 [14] . and a conventional FFT. While the degradation for PMF- The results are much better when we look at a two-stage scheme, however. In figure 5 , we see that when using PMF-length 4, the two-stage scheme outperforms the conventional one. Overall the degradation compared to acquisition without PMF is just half a dB (with a significantly reduced complexity). The interesting point is that now a conventional and an 8-angles FFT have almost the same performance. Even the 4-angles FFT is very close to the other cases. This shows that for rough frequency offset estimation the approximations are much more robust than for the conventional case, where we directly form decision variables from the FFT-results.
